Curli are functional amyloids that form a major part of the biofilm produced by many enterobacteriaceae. A multiprotein system around the outer membrane protein CsgG is in charge of the export and controlled propagation of the main Curli subunits, CsgA and CsgB. CsgF is essential for the linkage of the main amyloid-forming proteins to the cell surface. Here, we present a profound biochemical and biophysical characterization of recombinant CsgF, highlighted by a solution NMR structure of CsgF in the presence of dihexanoylphosphocholine micelles. Interestingly, CsgF contains large unstructured domains and does not show a globular fold. The data presented shed new light on the molecular mechanism of Curli amyloid surface attachment.
of their structure, mechanisms of propagation and control, biochemical and biophysical properties and hence enabling the development of potent amyloid inhibitors [2] . The most extensively studied functional amyloids are called Curli [3] .
Curli are fibrillar cell adhesions proteins produced by Enterobacteriaceae such as Escherichia coli [4] . They are involved in biofilm formation and attachment to surfaces [5] . In fact, Curli are the major proteinaceous component of uropathogenic E. coli (UPEC) strains [6] . Six proteins are involved in the Curli biogenesis (csgA/B/C/E/F/G), out of which the role of CsgF is the least understood [7] . Unlike the two periplasmic proteins CsgC and CsgE, CsgF is located on the extracellular surface; immunoprecipitation experiments showed that CsgF binds the Curli secretion channel CsgG [8] . Amyloid fibrils are formed by the major Curli subunit CsgA and its nucleator CsgB. In CsgF deletion mutants, CsgA is not attached to the cell, polymerizes only inefficiently and accumulates in the extracellular medium [9] . A similar phenomenon has been observed in CsgB depleted cells [10] . Depletion of CsgF also results in the mislocalization of CsgB and loss of its nucleation function [9] . CsgF might, therefore, act as an adaptor between the pore CsgG and CsgB, possibly with regulatory influences on the nucleating function.
In recent years, remarkable progress in structural studies of Csg proteins has been achieved, highlighted by the X-ray structure of CsgG, a nonameric b-barrel outer membrane channel, and cryo-EM maps of the CsgG-CsgE complex [11, 12] . In addition, the structures of the amyloid chaperone CsgC and the regulator protein CsgE have been solved and contributed to the understanding of controlled Curli formation [13, 14] . CsgC prevents CsgA from aggregating in the periplasm and acts in vitro as a very effective inhibitor for amyloid formation by CsgA. In addition, it has been shown to interact with disease-related amyloids such as a-synuclein [15] . CsgE acts as lid to the intracellular side of CsgG [7] and as a diffusion regulator, as it has been demonstrated by antibiotic resistance assays [16] . CsgA forms amyloid fibrils in vivo and in vitro [17, 18] . While structural biology of amyloid-forming proteins is inherently difficult, significant steps have been recently made toward a structure elucidation of CsgA using solid-state NMR [19, 20] . However, no structural information is available so far for CsgF. Here, we present the solution NMR structure of CsgF. The presence of detergent was needed to stabilize CsgF as a monomer in solution. The interaction with detergent micelles was further analyzed by solvent-induced paramagnetic relaxation enhancement (PRE) NMR experiments, which revealed detergent-exposed areas that might act as possible interaction sites of CsgF with CsgG or CsgB [21] .
Materials and methods

Expression plasmids
The gene encoding for CsgF 19-138 (-SEC) (Uniprot: P0AE98) was amplified from the pMC5 vector [4] . The genes encoding CsgB 23-151 (-SEC), CsgB 23-132 (-SEC, DR5) and CsgB 45-151 (-SEC, DN23) were amplified from the vector pNH4. All sequences were cloned with C-terminal His 6 tags into pET11-d vectors (Novagen, Merck Group, Darmstadt, Germany).
Protein expression and purification
Recombinant CsgF was overexpressed in E. coli BL 21 (DE3) (New England Biolabs, Ipswich, MA, USA). Cultures were grown in LB or minimal medium [22] (1 gÁL C-Glucose) with 100 lgÁmL À1 Ampicillin at 37°C to an optical density of~1. Then, the temperature was reduced to 16°C and the expression was induced by the addition of IPTG to a concentration of 0.5 mM. The cultures were incubated with agitation for 16 h and harvested by centrifugation (20 min, 6000 g). CsgF was purified under denaturing conditions. The entire cells were incubated for 24 h in denaturing buffer (8 M guanidine hydrochloride, 150 mM NaCl, 100 mM potassium phosphate, pH 7.2), sonicated, and then centrifuged (45 min, 37 000 g). The supernatant was incubated with pre-equilibrated Ni 2+ -Sepharose (GE Healthcare Europe, Freiburg, Germany) and passed through a gravity flow column. The beads were washed with denaturing buffer including up to 20 mM Imidazole. After that CsgF was refolded on the column by stepwise reduction of Guanidine-HCl concentrations (8-6-4-2 M) and finally washing with 50 mM CHES pH 10, 100 mM NaCl, 10% glycerol. Folded CsgF was eluted in 50 mM CHES pH 10, 100 mM NaCl, 300 mM Imidazole. The protein purity was evaluated by SDS/PAGE and mass spectrometry. CsgF was dialyzed against 1% acetic acid, lyophilized, and stored dry until further use. His 6 -tagged CsgA was expressed and purified in 8 M guanidine hydrochloride as described previously [19] . His 6 -tagged CsgB, CsgB DR5 and CsgB DN23 were expressed and purified under denaturing conditions following a similar protocol and desalted into 5 mM K-Phosphate pH 3 to prevent aggregation.
Size exclusion chromatography (SEC)
The buffer of CsgF was changed to the respective conditions prior to analysis on a Superdex 200 10/300 column (GE Healthcare); 200 lL of 1-1.5 mgÁmL À1 CsgF were injected for each run.
Circular dichroism spectroscopy
The protein was desalted into phosphate buffers (50 mM) ranging from pH 3 to 9. The protein concentration was set to 1 mM amide bonds. Measurements were performed at room temperature on a J-815 Circular Dichroism Spectropolarimeter ((JASCO Deutschland, Pfungstadt, Germany) using quartz cells of 1 mm path length (Hellma Analytics, Mu¨llheim, Germany).
Solution NMR structure determination
A full dataset for the assignment of backbone and sidechain resonances was recorded on a 400 lM CsgF sample in 50 mM potassium phosphate pH 6.5, 100 mM dihexanoylphosphocholine (DHPC), 0.05% NaN 3 , 6% D2O at 37°C. NOESY spectra were recorded on a sample with deuterated d22-DHPC. Experimental details are given in Table S1 . Spectra were recorded on a Bruker AVANCE III 600 MHz NMR spectrometer equipped with a 5-mm Z-gradient cryogenic triple resonance probe head (Bruker Biospin, Rheinstetten, Germany). The data were processed with PROSA version 6.3 [23] and analyzed with the CARA [24] software. NOESY peak picking, assignment, and NMR structure calculation were performed using the UNIO 10 [25] software package in combination with CYANA 2.1 [26] . A water refinement was applied using CNS-SOLVE 1.2 [27] , and the 20 structures with the lowest energy were eventually validated on the iCING server [28] . Titration of paramagnetic substances 0.5 mM CsgF in 55 mM dodecylphosphocholine (DPC) was titrated with 2-24 mM gadolinium-diethylenetriaminepentacetate (Gd-DTPA) and 0.5-6.5 mM 5-doxylstearic acid, and a 1 H-15 N HSQC spectrum was recorded after each addition. The data were processed with Bruker Topspin and analyzed using the Gaussian-fit peak integration function of the SPARKY 3 software (T. D. Goddard and D. G. Kneller, University of California, San Francisco). The peak heights were normalized and referenced to a spectrum recorded without paramagnetic substances.
Thioflavin T (ThT) assay
Aggregation assays were performed in 50 mM phosphate buffer pH 7.2 containing CsgF in different concentrations and either 10 lM CsgB (+10 lM ThT) (wild-type or truncated) or 20 lM CsgA (+20 lM ThT). And 180 lL of samples were loaded in 96-well plates (Corning black, flat bottom) as duplicates and covered with clear seal tape. Fluorescence was measured at room temperature every 10 min after shaking 5 s in an Infinite M1000 microplate reader (Tecan, Ma¨nnedorf, Switzerland). The resulting signals were normalized by (F i À F i,min )/F max (fluorescence arbitrary units).
Results
First, we established a robust protocol for the recombinant production of CsgF in high yields. His 6 -tagged CsgF can be overexpressed in E. coli and purified from the soluble fraction. Unfortunately, natively purified CsgF was prone to partial protease cleavage and hence showed a reduced stability (Fig. S1 left) . The use of protease inhibitors was not sufficient to fully suppress the degradation. Therefore, we purified CsgF under denaturing conditions followed by refolding on the affinity chromatography column. The protein purity and stability of refolded CsgF were significantly improved and consequently used for further experiments. Refolded and solubly expressed CsgF adopt the same secondary structure as shown by CD spectroscopy (Fig. S2 ). Minor spectral differences arose from proteolytic removal of random coiled regions of native CsgF.
Next, we investigated the oligomerization state of CsgF at different pH values and ionic strengths using SEC. CsgF was instable and precipitated instantly at a pH between 4 and 6. At pH 6.8 and in the absence of salt, CsgF is in equilibrium between two states corresponding to the monomer and a trimer or tetramer (Fig. 1A) . Increasing the ionic strength shifted the equilibrium entirely toward the multimeric state. A similar trend was observed at pH 8 and pH 10 ( Fig. 1B,C) , with additional, higher oligomeric states observable at higher pH. The oligomerization states were better defined at pH 10 ( Fig. 1C) , and the protein appeared to be more stable under these conditions. Using CD spectroscopy, we investigated the influence of the pH on the secondary structure of CsgF and concluded that the different oligomerization states do not coincide with changes in secondary structure. The CD spectra were analyzed with the K2D2 software resulting in an estimation of 30% a-helix and 14% bsheet [29] . More than 50% of CsgF has a random coil conformation. Taking this into account, a precise estimation of the multiplicity of the oligomerization state of CsgF from the SEC data was not possible since the column calibration was performed with globularly folded standard proteins. Nevertheless, it can be concluded that CsgF can be stabilized in several multimeric states in vitro.
Solution NMR spectroscopy is the method of choice to study proteins with unstructured domains. To obtain well-resolved NMR spectra, a single, welldefined oligomerization state is a prerequisite, and a small, ideally monomeric state would be desirable. In addition, to reduce the amide proton exchange rate with the solvent, which impairs spectral quality, the pH should be kept at pH 7.5 or below. Therefore, we screened for other additives to shift the equilibrium at pH 7 toward the monomer. We employed fingerprint 2D NMR spectra to optimize the sample conditions. A 1 H-15 N HSQC spectrum of CsgF in its multimeric state is depicted in Fig. 2A . The resonances show a markedly heterogeneous distribution in terms of signal intensity and linewidth, consistent with the presence of a higher oligomeric state. Clustering of the intense peaks at around 8 p.p.m. indicates that mainly the unstructured regions are observed under these conditions. However, a remarkable improvement in spectral quality could be obtained by addition of detergents such as DPC, DHPC or octylglucoside (Fig. 2B) . The proton linewidth under these conditions of around 25 Hz pointed to a monomeric conformation. Moreover, the amid proton resonances were dispersed over more than 2 p.p.m. implying that the secondary structure was preserved in the presence of detergent. The monomeric state was confirmed by SEC (Fig. 2C) . The backbone and sidechain resonances were assigned using three-dimensional NMR spectra of the monomer, following standard procedures [30] . Solely, the prolines, the C-terminal His 6 -tag and three residues at the N terminus remained unassigned. An annotated HSQC spectrum of CsgF under optimized sample conditions is shown in Fig. S3 . Eventually, 79% of protons and more than 69% of heteroatoms could be assigned. The structure was calculated with a total number of 1027 NOE restraints out of which 12% could be assigned to long range distance restraints. Structural statistics are listed in Table S2 . The structure of CsgF consists of three independent elements: An N-terminal unstructured region, a 21-residue aHelix and a C-terminal antiparallel b-sheet made of four strands (Fig. 3A) . Almost all long range restraints were found to define the b-sheet. The bundle of the lowest energy structures (Fig. 3B) demonstrates that no unique arrangement between the three regions could be determined due to the absence of interdomain NOE restraints. It can, therefore, be assumed that under native conditions, exposed hydrophobic regions are covered by interactions with other proteins, such as CsgG or lipids. Two hydrophobic areas could be identified based on the electrostatic surface potential (Fig. 3C) . A first, less pronounced stretch was found along the a-helix which might suggest a transmembrane location or an amphipathic nature. However, neither possibility could be supported by prediction algorithms (TMHMM/AmphipaSeeK). The two sides of the b-sheet differ significantly in their hydrophobicity. While several charged and polar residues such as R94, D103 and N114 are found on one side, the opposite side is clustered with hydrophobic residues such as V102, I104, L113 and V115. The necessity of detergent to produce monomeric CsgF might be exploited to learn more about its localization or potential protein-protein interactions sites on its surface. Therefore, we investigated the positioning of the protein in the micelle. Unfortunately, no restraints between CsgF and detergent were found in the NOE spectra. Thus, we applied paramagnetic relaxation enhancement NMR techniques to define the protein-micelle interface. CsgF in DPC micelles was titrated with either Gd 3+ -DTPA or 5-doxystearic acid (5-DSA) and 2D HSQC spectra were recorded after every addition (Fig. S4) . Resonances of water exposed residues are influenced by the polar Gd 3+ -DTPA, whereas 5-DSA inserts into micelles and affects residues protected by detergent [21, 31] . Chemical shift perturbations upon the addition of the compounds were frequent, and some residues that could not be traced faithfully had to be omitted from the analysis. Nevertheless, a consistent pattern could be identified. pattern is observed for the beta strand, which is in agreement with the previous observation of a side specific distribution of hydrophobic residues in the bsheet. Therefore, it can be concluded that the structured domains of CsgF are not completely surrounded by a spherical micelle but only specific hydrophobic sites are shielded by detergent molecules. These sites might very well be identical to the protein interaction sites. The Curli nucleator CsgB readily forms amyloid fibrils in vitro. We used ThT amyloid aggregation assays to study the influence of CsgF on the in vitro fibril formation of full-length CsgB, C terminally truncated CsgB DR5 lacking the last sequence repeat, as well as CsgA. The polymerization of full-length CsgB is a fast process with hardly any observable lag phase. The presence of CsgF accelerated the CsgB aggregation further, resulting in a considerably amplified ThT signal (Fig. 5A) . Increasing CsgF concentrations intensified this effect. A detailed analysis of these in vitro amyloid formation kinetics of CsgB using the software AMYLOFIT reveals significant deviations from standard nucleation-elongation models [32] . Clearly, the aggregation of CsgB consists of at least two separate processes (Fig. S5) : A fast process that can be best described by a simple unseeded nucleation-elongation model, and a slow secondary process that does not resemble typical amyloid formation kinetics and might even include unspecific aggregation as well. In the presence of increasing amounts of CsgF, the ThT curve begins to resemble a nucleation-elongation reaction with very low amounts of seeds present. Together with the increased ThT signal, this suggests that CsgF helps CsgB to adopt a proper amyloid conformation, possibly by stabilizing the nucleator CsgB in an amyloid-related conformation. Truncated CsgB showed an increased lag phase as observed previously [33] . Interestingly, the presence of CsgF no longer accelerated the self-assembly, but inhibited the aggregation of CsgB DR5 (Fig. 5B) . In contrast, N-terminal truncation of CsgB showed a wild-type like aggregation behavior and response to CsgF (Fig. S6) . As a complementary experiment, we tested the influence of CsgF on the aggregation of CsgA (Fig. 5C ). We observed an inhibitory effect on the polymerization of CsgA, showing a similar pattern as CsgB DR5. Further control experiments with lysozyme showed no effect on CsgB (Fig. S6) . To understand if CsgF only stabilizes CsgB by weak interactions or if it even gets incorporated into the polymers, the protein pellets resulting from co-aggregation were collected, washed with 8 M Urea, and analyzed by SDS/PAGE (Fig. S7) . Amyloid fibrils formed by CsgB are expected to be resistant to high concentrations of urea while CsgF should be easily solubilized. Estimating from the band intensity, CsgF was found in an almost equal quantity as CsgB, suggesting a strong interaction between the two proteins, probably forming a stable nucleus for the amyloid formation of CgsA.
Discussion
Here, we studied CsgF, a protein of the E. coli Curli biogenesis machinery known to interact with the outer membrane channel CsgG and the amyloid nucleator CsgB [9] . The experiments were performed in vitro with purified recombinantly expressed CsgF, and our data indicate that in vivo, the protein is part of a multiprotein complex. First, slight changes of buffer compositions and pH can alter significantly the oligomeric state of CsgF. Second, the high-resolution structural data obtained by NMR spectroscopy revealed the absence of tertiary structure and the presence of exposed hydrophobic surfaces. Both observations suggest that protein interactions are essential to stabilize CsgF in its native conformation. Considering the high quality of our NMR data, we nevertheless believe that the obtained structural information are valuable and L68  D69  N70  F71  T72  Q73  A74  I75  Q76  S77  Q78  I79  L80  G81  G82  L83  L84  S85  N86  G109  Q110  L111  Q112  L113  N114  V115 can help to model the multiprotein complex and to understand the role of CsgF in vivo. A recent computational structural biology study predicted a high degree of disorder for CsgF, which is in good agreement with our data [34] . It is plausible to speculate about the functions of the three individual domains: The numerous appearance of asparagine, glycine, and proline residues in the N-terminal domain of CsgF is in analogy to the flexible N-terminal residues of CsgA, which act as a CsgG-specific export signal [8, 16] . A similar role might, therefore, be foreseen for the N terminus of CsgF. From the direct alignment of CsgF and CsgA (Fig. S8) , we suggest that the export signal consists of 15-16 residues starting on Proline 24 for CsgA and Proline 29 for CsgF. It has been shown before that globularly folded proteins such as CpxP can be exported in a CsgG-dependent manner, proving a substrate size flexibility [16] . An upper size limit has not yet been elucidated, but it seems to exceed the diameter of the inner constriction (9 A) of CsgG. CsgF could, therefore, very well be exported after folding in the periplasm.
In vivo, a deletion of CsgF results in secretion of CsgB and CsgA into the medium [9] . C terminally truncated CsgB shows a similar loss of Curli cell adhesion [33] . Furthermore, the absence of CsgF increases the sensitivity of CsgB to protease degradation [9] . We found a general ability of CsgF to interact with amyloid-forming Curli proteins. Like CsgE, at equimolar ratios, CsgF was able to inhibit the aggregation of CsgA [16] . This finding was unexpected and might reflect an unspecific effect in vitro. However, a more direct effect of CsgF on CsgA assembly in vivo within the entire CsgA/B/E/F/G complex cannot be ruled out. We have clear indications of an interaction between CsgF and CsgB in vitro, where amyloid formation and an unspecific aggregation appear to be competing events. The presence of CsgF stabilizes CsgB, thus preventing nonspecific aggregation and favoring the formation of fibrils. Furthermore, we could confirm the importance of the C-terminal repeat for this interaction. It is tempting to speculate that the interaction of CsgF and CsgB could be mediated via the b-sheet. Considering the proposed b-solenoid fold of CsgB, at least two molecules of CsgF are likely to be involved in the interaction [35, 36] . The precise mode of action can only be speculated at this point. Two CsgF molecules could bind to CsgB in a sandwich arrangement. The dependence on both R4 and R5 of CsgB for effective Curli nucleation suggests that both repeats are needed for strong interaction with CsgF; therefore, the sandwich model should cover at least the terminal two repeats of CsgB [33] . The second possibility is that CsgF dimerizes over the hydrophobic side of the b-sheet and serves as a template for the b-solenoid fold of CsgB and CsgA. According to this model, CsgF interacts only with the R5 repeat of CsgB. While the CsgB repeats R1-R4 share a common amino acid motive with CsgA, the primary sequence of CsgB R5 is remarkably different and might, therefore, also be the only requirement for interaction with CsgF. The ability to dimerize is supported by the fact that CsgF does not exist as a monomer in the absence of detergents. However, more structural data on CsgB would be required for further speculations. Eventually, we propose that the surface attachment is mediated by the a-helix, possibly by binding the b-barrel domain of CsgG. Indeed, the inner barrel contains several charged residues that might be involved in interactions, although residual mutations in this region do not influence the cell surface attachment of Curli [12] . A direct contact between the helix and the membrane was not experimentally excluded either. A detailed analysis of CsgF mutations covering the helical region would help to shed light on its potential role in protein-protein interactions.
In conclusion, we have thoroughly studied CsgF in vitro and were able to obtain a solution NMR structure of the monomer in the presence of detergent micelles. In addition, we verified the interaction with CsgB. The data presented provide a basis for further functional in vivo studies and will be of great help to interpret cryo-electron microscopy maps of the entire CsgG-CsgE-CsgF complex.
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